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In this paper, a dual-band mid-infrared metamaterial absorber was proposed to improve the energy absorption efﬁciency. Up to 99% absorption
was obtained at 9.03 and 11.83 μm in the simulation, and each absorption band can be tuned by the dielectric spacing layer, i.e., the dielectric
constant and its thickness. The dual-band absorption mechanism was analyzed, and the quite well absorption performance at large incident angles
was also presented. The results of this study can be applied in the ﬁeld of thermal absorbing and solar energy harvesting.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Metamaterial absorbers (MAs) have artiﬁcial periodic electro-
magnetic structures, which could achieve a high absorption over a
large portion of the electromagnetic spectrum, from radio [1],
microwave [2], millimeter wave [3], terahertz [4], infrared [5], to
optical regimes [6]. Due to their high absorption efﬁciency, less
thickness, and tunable resonant response, MAs have been taken as
ideal candidates for applications including sensors [7], solar cells
[8,9], thermal emitters [10,11], and imaging devices [12]. However,
most of these MAs are single-band structures with a narrow
bandwidth, since the effective absorption is based on the strong
electromagnetic resonance to the incident light. This degrades the
performance in energy harvesting applications where multiple or
broad-band absorption is necessary to enhance the conversion
efﬁciency [13]. Therefore, efforts have gone into obtaining/10.1016/j.pnsc.2014.03.005
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nder responsibility of Chinese Materials Research Society.multiple- or broad-band absorbing structures [14–16]. These
structures are designed by elaborately arranging the metallic
resonant patterns or vertically stacking multiple metal-dielectric
layers with different geometrical dimensions. However, multiple-
or broad-band absorbing structures tuned by the dielectric spacing
layer have not been reported as yet.
In this paper, we propose a dual-band mid-infrared metamaterial
absorber tuned by the dielectric spacing layer in order to acquire
more infrared radiation energy. Two pairs of circular-patterned
metal-dielectric stacks are employed to excite the dual-band absor-
ption peaks. The current distributions at the two resonances reveal
that the enhanced electromagnetic ﬁeld is established in the upper
and lower resonant stack, respectively. The absorption peaks of the
proposed structure remain quite high even at large incident angles,
which could provide more efﬁcient absorption for the oblique
incident light.
2. Structure design
A schematic of the proposed dual-band MM absorber is shown
in Fig. 1. It contains ﬁve functional layers: two pairs of circular-
patterned metal-dielectric stacks and a metallic ground plane. The
metallic layers are made of Al and separated by distinct dielectric
spacing layers. The diameter of the circular pattern is denoted by dElsevier B.V. All rights reserved.
Fig. 1. Schematic of the dual-band MM absorber; (a) top view and (b) side view of the structure; (c) and (d) scanning electron microscopy (SEM) images of the
dual-band MM absorber.
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spacing layers is represented by t2 and t4, and the thickness of the
metallic layers by t1, t3, and t5. Since the electromagnetic response
of the absorber is designed by the tuning of the dielectric spacing
layer, we ﬁrst perform numerical simulations [17] to investigate the
relationship between the resonant absorption and the dielectric
spacing layer.3. Results and discussion
In the simulations, the complex permittivity of Al is described
by the Drude model with a plasma frequency ωp¼2 3.57
1015 rad/s and collision frequency ωc¼2 19.41 1012 rad/s
[18]. A normal incident TEM plane wave illuminates the structure
with its polarization along the x-direction as shown in Fig. 1. The
frequency-dependent absorption was obtained from the S-para-
meters by A(ω)¼1T(ω)R(ω)¼1 |S21|2 |S11|2, where T(ω)
and R(ω) are the frequency-dependent transmission and the
reﬂection, respectively. Fig. 2 presents the evolution of the
maximum absorption and correspondingly the resonant absorp-
tion peak wavelength as a function of the dielectric constant ε0
with structure parameters p¼6 μm, d¼3.2 μm, t1¼200 nm, t3¼
t5¼100 nm, t2¼200 nm, and t4¼250 nm. In Fig. 2(a) and (b),
dielectric constant of the dielectric spacing layer in the lower
resonant stack (ε
0
1) is set to 2, while dielectric constant of thedielectric spacing layer in the upper resonant stack (ε
0
2) varies
from 3 to 9. For ε
0
1¼2 and ε
0
2¼3, there are two high absorption
peaks located at 8.62 μm and 9.88 μm, respectively. As ε02
increases from 3 to 9, the absorption peaks at longer wavelength
(S2) move from 9.88 μm to 16.63 μm, with the absorption
magnitude initially increasing, reaching a maximum, and then
decreases. Meanwhile, the absorption peaks at shorter wavelength
(S1) are almost unchanged except for a slight variation in the
absorption magnitude. In Fig. 2(c) and (d), ε
0
1 varies from 2.5 to
5.5, and ε
0
2 is set to 9. For this case, the absorption peaks at longer
wavelength (S2) stay around 16.5 μm, while the absorption peaks
at shorter wavelength (S1) move from 9.38 μm to 13.13 μm, with
the same variation tendency in the absorption magnitude as
shown in Fig. 2(b). The simulation results reveal that the two
absorption peaks in the dual-band absorber are contributed and
tuned by the dielectric spacing layers in the upper and lower
resonant stack, respectively. It appears that the resonance
wavelength is quite sensitive to ε0, and the dependency is nearly
linear [19]. The variation in the absorption magnitude reﬂects the
degree of impedance matching between the structure (Z¼
ﬃﬃﬃﬃﬃﬃﬃ
μ=ε
p
)
and free space (Z0). By tuning the dielectric constant, impedance
matching could be achieved and near perfect dual-band absorp-
tion obtained.
Another experimental parameter of the dielectric spacing
layer that can be modulated is its thickness. Fig. 3 shows the
evolution of the maximum absorption and correspondingly
Fig. 2. The resonant absorption peak wavelength and correspondingly the maximum absorption as a function of the dielectric constant. (a) and (b) ε
0
2 varies from
3 to 9, and (c) and (d) ε
0
1 varies from 2.5 to 5.5, with structure parameters p¼6 μm, d¼3.2 μm, t1¼200 nm, t3¼ t5¼100 nm, t2¼200 nm, and t4¼250 nm.
Fig. 3. The resonant absorption peak wavelength and correspondingly the maximum absorption as a function of the dielectric spacing layer. (a) and (b) t4 varies
from 100 nm to 340 nm with structure parameters p¼6 μm, d¼3.2 μm, t3¼ t5¼100 nm, t2¼250 nm, and t1¼200 nm, and (c) and (d) t2 varies from 40 nm to
280 nm with structure parameters p¼6 μm, d¼3.2 μm, t3¼ t5¼100 nm, t4¼250 nm, and t1¼200 nm.
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dielectric spacer thickness.
As shown in Fig. 3(a) and (b), both the resonant wavelength
and the magnitude of absorption peaks at longer wavelength
(S2) vary with the thickness of t4, with structure parameters
p¼6 μm, d¼3.2 μm, t3¼ t5¼100 nm, t2¼250, t1¼200 nm,
and dielectric constant ε
0
1¼2 and ε
0
2¼6. Meanwhile, the
absorption peaks at shorter wavelength (S1) are almost unchan-
ged. There exists an optimal thickness of the dielectric spacing
layer that maximizes the absorption. For the present structural
dimension, when t4¼0.26 μm, an absorption peak up to 99.9%
at 13.54 μm could be achieved. The evolution of the resonant
absorption presented in Fig. 3(a) reﬂects the variation of the
near-ﬁeld plasmon coupling in the resonant stack caused by the
changing of the thickness of the dielectric spacing layer [20].
Similar trends are found in varying the thickness of t2 as
shown in Fig. 3(c) and (d).
As discussed above, we chose Al2O3 (ε
0
1¼2.28) and ZnS
(ε
0
1¼4.48) as the dielectric spacing layers in the upper and
lower resonant stacks, with structure parameters p¼6 μm,
d¼3.2 μm, t1¼200 nm, t3¼ t5¼100 nm, and t2¼ t4¼250 nm.
Fig. 4(a) presents the simulated absorption spectrum of the
dual-band MM absorber (sample A) at normal incidence. As
shown in Fig. 4(a), there are two distinct near-unity absorption
peaks located at 9.03 and 11.83 μm. To explore the origin of
the dual-band absorption, MM absorbers with a single Al2O3
(sample B) or ZnS (sample C) dielectric spacing layer were
also studied. The thickness of the dielectric and metallic
layers was the same in the three cases. As can be seen in
Fig. 4(a), the absorption peaks of samples B and C are located
at 8.83 and 12.11 μm, respectively. It is revealed that when the
two single-dielectric-layer structures are stacked together, their
resonant peaks both survive due to the hybridization of
resonances within the two resonant stacks. There is a small
redshift about 0.3 μm between the single- and dual-band
absorption spectra. The distinction was caused by the loading
effect between the upper and lower resonant stacks of the dual-
band structure.Fig. 4. (a) Simulated and (b) experimental absorption spectra of samples A–C.The samples were prepared by standard e-beam deposition and
UV lithography techniques. A 200 nm Al metallic ground plane
was ﬁrst evaporated onto a silicon substrate by e-beam deposition.
This was followed by UV lithography to deﬁne the multiple
patterned layers. The 250 nm dielectric (Al2O3/ZnS) ﬁlms and
100 nm Al ﬁlms were then deposited alternately. The pattern
transfer was completed by a metal lift-off process. Scanning elec-
tron microscopy (SEM) images of sample A are shown in Fig. 1(c)
and (d), illustrating the well-patterned products. A Bruker Tensor
27 Fourier transform IR spectrometer was used to measure the
reﬂection spectra. The measured absorption spectrum of the dual-
band MM absorber (sample A) is shown in Fig. 4(b). The dual-
band absorption peaks are obtained at 9.43 and 11.42 mm with the
absorption magnitudes of 69% and 70%, which are lower than
the simulated values of 99% and 98%. The discrepancies stem
from the fabrication tolerance, measurement limitation [21] and the
inconformity of the dielectric constant of the dielectric spacing
layer used in the simulation compared with the actual material
parameters. The single-band absorbers (samples B and C) were
prepared for comparison, and the measured absorption spectra
were also plotted in Fig. 4(b). It is clear that the dual-band absor-
ption originates from the stacking of two single-band absorption
structures.
The total absorbed energy efﬁciency is the integration of
absorption AðωÞ over the total incident energy at the regarded
energy band, that is, Δ¼ R ω2ω1 AðωÞdω=ðω2ω1Þ, which present
the overall capability of light conversion. In the energy band
corresponding to the atmospheric window range from 8 to 14 μm,
Δ is 45.2% for our dual-band absorption structure. This means that
nearly half of the incident light within the considered range could
be absorbed. Besides, Δ of the dual-band absorption structure
is remarkably higher than the single-band absorption structure
(sample A), and the value Δ¼ 21:1%. Therefore, our dual-band
absorption structure could acquire more of the incident energy
compared with the single-band absorption structure, which will
beneﬁt the applications for thermal absorbing and light harvesting.
To gain a better understanding of the dual-band absorption
mechanism, the current distributions at two resonance wavelengths
were presented in Fig. 5. Simulation results reveal that the anti-
parallel currents excited in the lower and upper resonant stacks
correspond to the absorption peaks at 9.03 μm and 11.83 μm,
respectively. The magnetic moment caused by the circulating
current can strongly interact with the magnetic ﬁeld of the incident
light. As a result, the enhanced electromagnetic ﬁeld is established
in each resonant stack and most of the light could be dissipated
[10]. Besides, at the resonance wavelength, the circulating current
was only conﬁned in one resonant stack, so the interaction between
two resonant stacks could be neglected. This also explains why the
absorption peak can be tuned independently by varying the dielec-
tric spacing layer in the corresponding resonant stack.
The absorption performance at non-normal incidence is quite
important in practical applications. In many cases, most of the
possible incident light needs to be absorbed even at large incident
angles. So we also carried out simulations to investigate the angle
dependence of the dual-band absorber to evaluate its absorption
performance at oblique incidence.
Fig. 5. Current distributions in sample A in the x–z plane at y¼0 at two resonance wavelengths: (a) the absorption peak at 9.03 μm, and (b) the absorption peak at 11.83 μm.
Fig. 6. Absorbance as a function of wavelength and the angle of incidence for
(a) TE and (b) TM polarization incident light.
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wavelength and incident angles under TE (E?x–z plane) and TM
(E?y–z plane) polarization. For both conﬁgurations, the dual-band
absorption characteristics can be sustained by increasing the
incident angle. More than 80% absorption is still obtained at
center frequencies for both resonant peaks up to 401. However,
when the incident angle is beyond 401, there is a decrease in the
absorption magnitude and a shift in the peak position. Never-
theless, these simulations reveal that the proposed dual-band
absorber operates quite well for both TE and TM conﬁgurations
over a wide range of incident angles.4. Summary
In summary, we have designed and fabricated a dual-band
MM absorber in the mid-infrared regime by using a multilayer
absorbing structure. The dual-band absorption is obtained from
the stacking of two single-band absorption structures, and the
absorption peak can be tuned by the dielectric spacing layer.
The proposed structure could improve the energy absorption
efﬁciency and operates quite well at large incident angles. Our
study is expected to have multiple application advantages in
thermal absorbing and light harvesting.Acknowledgments
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